Experimental data indicate small spin-orbit splittings in hadrons.
I. INTRODUCTION
Recently, Isgur [1] has re-emphasized the experimental fact that spin-orbit splittings in meson and baryon systems, which might be expected to originate from onegluon-exchange (OGE) effects between quarks, are absent from the observed spectrum. He conjectures that this is due to a fairly precise, but accidental, cancellation between OGE and Thomas precession effects, each of which has "splittings of hundreds of MeV" [1] . Taking the point of view that precise cancellations reflect symmetries rather than accidents, we have examined what dynamical requirements would lead to such a result. One of us recently observed [2] that a relativistic symmetry is the origin of pseudospin degeneracies first observed in nuclei more than thirty years ago [3, 4] . We find that a close relative of that dynamics can account for the spin degeneracies observed in hadrons composed of one light quark (antiquark) and one heavy antiquark (quark).
Below, we first elucidate the experimental evidence for small spin-orbit splittings.
Then we identify the symmetry involved in terms of potentials in the Dirac Hamiltonian for heavy-light quark systems, and note the relation to the symmetry for pseudospin. We show that the former symmetry predicts that the Dirac momentum space wavefunctions will be identical for the two states in the doublet, leading to a proposed experimental test. Finally, we argue that the required relation between the potentials may be plausible from known features of QCD.
II. EXPERIMENTAL AND LATTICE QCD SPECTRUM
In the limit where the heavy (anti)quark is infinitely heavy, the angular momentum of the light degrees of freedom, j, is separately conserved [5] . The states can be labelled by l j , where l is the orbital angular momentum of the light degrees of freedom. In non-relativistic models of conventional mesons the splitting between l l+ 1 2 [5] . The degenerate states separate as one moves slightly away from the heavy quark limit, and their spin-averaged mass remains approximately equal to the mass before separation.
For the D-mesons, the CLEO collaboration claims a broad level at 2446 ± 2 MeV. Spin-averaged masses are determined from experiment [7] . For B-mesons, both L3 [8] and OPAL [9] have performed analyses, using input * The FOCUS collaboration preliminarily found D * 0 at a mass of 2420 MeV [31] . The error on the mass was not reported.
from theoretical models and heavy quark effective theory, to determine that the p 3 [11] . However, according to other estimates [12] , the splitting is less than 100 MeV, and consistent with zero. Recently, 31 ± 18
MeV was calculated [13] . One lattice QCD study found evidence for a change of sign in the splitting somewhere between the charm and bottom quark masses, albeit with large error bars [14] . A splitting of 40 MeV serves as a typical example of model predictions [15] , although there is variation in the range -155 to 72 MeV [16] , summarized in ref. [13] .
In order to more quantitatively measure the spin-orbit splitting, define There is also evidence in light quark mesons and baryonic systems that the spinorbit interaction is small [1] . In non-relativistic models, meson and "two-body" baryon spin-orbit interactions are related and, for a specific class of baryons, the spin-orbit interaction is small for exactly the same reasons that it is small in mesons
If we consider a system of a (sufficiently) heavy antiquark (quark) and light quark (antiquark), the dynamics may well be represented by the motion of the light quark (antiquark) in a fixed potential provided by the heavy antiquark (quark). Let us assume that both vector and scalar potentials are present. Then the Dirac Hamiltonian describing the motion of the light quark is
where we have seth = c = 1, α, β are the usual Dirac matrices, p is the threemomentum, m is the mass of the light quark and M is the mass of the heavy quark.
This one quark Dirac Hamiltonian follows from the two-body Bethe-Salpeter equation in the equal time approximation, the spectator (Gross) equation with a simple kernel, and a two quark Dirac equation, in the limit that M is large [17] [18] [19] . If the vector potential, V V ( r), is equal to the scalar potential plus a constant potential, U, which is independent of the spatial location of the light quark relative to the heavy one, i.e., V V ( r) = V S ( r) + U, then the Dirac Hamiltonian is invariant under a spin symmetry [20, 21] , [ H ,Ŝ i ] = 0, where the generators of that symmetry are given by,
whereŝ i = σ i /2 are the usual spin generators, σ i the Pauli matrices,
. Thus Dirac eigenstates can be labeled by the orientation of the spin, even though the system may be highly relativistic, and the eigenstates with different spin orientation will be degenerate.
For spherically symmetric potentials,
Hamiltonian has an additional invariant algebra; namely, the orbital angular momen-
This means that the Dirac eigenstates can be labeled with orbital angular momentum as well as spin, and the states with the same orbital angular momentum projection will be degenerate. Thus, for example, the n r p 1/2 and n r p 3/2 states will be degenerate, where n r is the radial quantum number.
Thus, we have identified a symmetry in the heavy-light quark system which produces spin-orbit degeneracies independent of the details of the potential. If this potential is strong, the heavy-light quark system will be very relativistic; that is, the lower component for the light quark will be comparable in magnitude to the upper component of the light quark. It is remarkable that non-relativistic behaviour of energy levels can arise for such fully relativistic systems.
This symmetry is similar to the relativistic symmetry [2] identified as being responsible for pseudospin degeneracies observed in nuclei [3, 4] . In contrast to spin symmetry, pseudospin symmetry has the pairs of states ((n r − 1)s 1/2 , n r d 3/2 ), ((n r − 1)p 3/2 , n r f 5/2 ), etc. degenerate, making the origin of this symmetry less transparent. The pseudospin generators arễ
For pseudospin symmetry, the nuclear mean scalar and vector potential must be equal in magnitude and opposite in sign, up to a constant, V V = −V S + U. Relativistic mean field representations of the nuclear potential do have this property; that is, 22, 23] . We will return later to the question of whether the relation
It has previously been observed that pseudospin symmetry improves with increasing energy of the states, for various potentials [2] . A similar behaviour may be expected for spin symmetry, consistent with the experimental observations that spin-orbit splittings decrease for higher mass states [1, 7] .
The Dirac Hamiltonian (2) encompasses the effects of the OGE and Thomas precession spin-dependent terms customarily included in non-relativistic models [1] .
IV. EXPERIMENTAL TEST
In the spin symmetry limit, the radial wavefunctions of the upper components of the Dirac wavefunction of the two states in the spin doublet will be identical, behaving "non-relativistically", whereas the lower components will have different radial
wavefunctions. This follows from the form of the spin generators given in Equation MeV. This maximizes the wavefunction differences. In this realistic case, V V ≈ V S +U, so the radial wavefunctions for the upper components are not exactly identical but are very close, whereas the radial wavefunctions for the lower components are very different.
Likewise the momentum space wavefunctions for the upper components will be very similar, as seen in Figure 2 , again because the spin operator does not affect the wavefunction. However, since U p depends only on the angular part of the momentum,
, it does not affect the radial momentum space wavefunction. In Figure 2 we see that the radial momentum space wavefunctions are very similar for the lower components as well. This prediction of the symmetry can be tested in the following experiment.
The If B-mesons do also exhibit spin symmetry, one can do equivalent experiments around 1 GeV above the Υ(3S) peak at the SLAC, KEK or CESR B-factories.
V. QCD ORIGINS
If such a dynamical symmetry can explain the suppression of spin-orbit splitting in the hadron spectrum, the question remains as to why it might be expected to appear in QCD. To address this, we first recall the ongoing argument as to whether confinement corresponds to a vector or scalar potential [25] . The first natural expectation was that confinement reflected the infrared growth of the QCD coupling constant, enhancing the color-Coulomb interaction at large distances, see e.g. Ref. ( [26] ). An involved two-(or multi-) gluon effect has been proposed [27] On the other hand, identically equal vector and scalar potentials, except for a constant difference, would appear to be coincidental. An ameliorating effect is that to produce an approximation to the spin symmetry of Eq. (2) this condition need only hold in regions where the wavefunctions are substantial.
The determination of QCD potentials, from models like the minimal area law, stochastic vacuum model, or dual QCD, and from lattice QCD, is hampered by the problem of rigorously defining the concept of a potential from QCD when one quark is light. It suffices to say that there is no agreement on the mixed Lorentz character of the potential even between two heavy quarks [29] , where the potential can be rigorously defined, although lattice QCD results are consistent with simply a vector Coulomb and scalar linear potential [30] . 
